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Abstract 
Biological soil crusts (BSCs), otherwise known as cryptogamic soil crusts, biocrusts, or 
cyanobacterial crusts, are soil aggregations hosting diverse biotic communities. They are 
composed of cyanobacteria and algae, and generally have a covering of moss and/or lichen. 
BSCs are typically found in arid to semi-arid regions throughout the world, and are integral soil 
stabilizers, moisture retainers, and nitrogen fixers in these communities. Along with these 
factors, BSCs are able to impact germination and establishment of plants, either as an 
accompanying influence, or direct result of those listed above. BSCs have yet to be formally 
described in the inland northeastern United States, and yet they have been found in a variety of 
locations, including New York, New Hampshire, and Maine. This paper seeks to investigate the 
species composition of crusts and their effects on seedling germination in the Albany Pine Bush 
Preserve, an inland scrub-oak pine barren ecosystem in upstate New York. Crusted and 
non-crusted soil samples were taken from the Preserve and refrigerated at 4​°C until use. 
Several of the crusted samples were sent off for analysis of their constituents, and the other 
eighty dishes (forty crust and forty sand) were used in the germination experiment. Three 
species of plants native to the Pine Bush (​little bluestem (​Schizachyrium scoparium​), bush 
clover (​Lespedeza capitata​), and lupine (​Lupinus perennis​)) were scattered onto the soil 
conditions, with twenty seeds of one species in each dish. The results of this study supported 
our hypothesis that BSCs would inhibit the success of seedling germination, with bush clover 
and lupine germinating three and five times greater, respectively, on bare sand than crusted 
conditions. The crusts’ ability to influence the presence of plant species suggests a larger 
impact on the whole ecosystem, as those that succeed will affect other present biota. Crusts 
likely contribute to habitat heterogeneity, given their apparent influence on seeds and the crusts’ 
spatial variation throughout the environment. Further research into the impact of crusts in 
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northeastern systems should be undertaken, as crusts’ impacts are significant and may be 
different than those described in arid and semi-arid systems. 
 
Introduction 
Biological soil crusts (BSCs) are soil aggregations of bacteria, algae, lichens, and 
bryophytes that form thin layers on soil surfaces. They can play an integral role in soil stability 
(Aguilar et al. 2009, Belnap & Gillette 1997), soil moisture retention (Asplund & Wardle 2017, Bu 
et al. 2015), and chemical processes such as nitrogen and carbon fixation (Belnap 2002, 
Billings et al. 2003, Castillo-Monroy et al. 2010). BSCs have been most-often studied in arid to 
semi-arid ecosystems, where they can make up a large portion of the ground biota. They are 
found not just in these locations, however, as they also occur in temperate areas where there is 
reduced plant cover (Belnap 2003). Despite this, minimal study has been done in the 
northeastern United States, and what has been published on the topic mostly focuses on the 
recognition and ecology of crusts in coastal plain and dune ecosystems (e.g. Sedia and 
Ehrenfeld 2003, Smith et al. 2004, Thiet et al. 2014). BSCs have also been reported as existing 
in inland pine barren ecosystems, like that of New York and New Hampshire, and yet no formal 
recognition has been made. It is because of this that we seek to investigate the components 
and ecological processes of crusts in the Albany Pine Bush Preserve. 
Much research has gone into the investigation of how BSCs affect the germination and 
establishment of plants (Serpe et al. 2008, Su et al. 2009, Zaady et al. 1997). Many of these 
interactions are based on mechanical factors. Some authors state that the physical nature of the 
crust can impact germination, as some plants may not have the capabilities to penetrate the 
surface with their roots. Even the crusts’ physical morphology influences how materials, 
including seeds, move across its surface (Belnap 2003). Seeds have the potential to be blown 
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off of smooth crusts, and yet BSCs with cracks or ridges may be able to provide seeds with 
areas of extra moisture that the crust would have otherwise absorbed, that is if the seed 
manages to fall in via wind, water, or animal influence (Belnap et al. 1999). It can also come 
down to the physical properties and needs of the species of plant trying to germinate, as some 
with different nutrient requirements or succession types are able to withstand the crust’s 
micro-environment better than others. 
Chemical properties of the crust and its constituents also influence the ability of a seed 
to germinate and establish successfully. Crusts are able to alter available nutrients (Belnap 
2003), and certain BSCs have been documented as having a slightly alkaline pH (Liu et al. 
2017, Abed et al. 2013). This change in pH from the soil’s average thus impacts the availability 
of nutrients that are accessible to, and potentially needed by, the vascular plant community 
(Belnap and Lange 2017). The ability of crustal organisms to fix nitrogen and provide a carbon 
resource would make them a facilitating factor for plants, though there has been documentation 
of plant/crust competition for nutrient resources (Harper & Belnap 2001). Overall, the results 
detailed in the literature are mixed, with crusts having positive (Hawkes 2004, Pendleton et al. 
2003), negative (Langhans et al. 2009 [A], Serpe et al. 2006), or mixed effects (Deines et al. 
2007, Harper and Belnap 2001, Anderson et al. 1982) on the success of seedlings being able to 
germinate. Moreover, each experiment’s results tend to be specific to which species of plants 
and crustal organisms were used/present.  
This study seeks to document the composition of the crusts at the Albany Pine Bush 
Preserve in upstate New York, USA, and assess their ecological influence on plant seedling 
germination. Germination is an important stage of plant establishment, and so any filtering that 
crusts do may affect both the composition and spatial heterogeneity of the plant community. 
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This is the first known examination of BSCs at this location, and adds needed understanding to 
the ecology of crusts in the temperate northeast.  
 
Materials and Methods 
The Albany Pine Bush Preserve is an inland sand plain that is a product of deep sandy 
glacial outwash soils. Though its climate is cold temperate that supports nearby eastern 
deciduous forest, its vegetation is open due to the edaphically xeric conditions and frequent 
fires. Native vegetation is dominated by scrub oak (​Quercus ilicifolia​) and scattered pitch pine 
(​Pinus rigida)​. Areas of the Preserve were invaded by the non-native black locust tree (​Robinia 
pseudoacacia​) in the latter 20​th​ Century and subsequently restored with mechanical removal of 
locust stems and roots (Rice et al. 2004).  
 
Sample collection 
In order to document the species composition of moss, lichen, and algae within the 
Albany Pine Bush Preserve, samples of BSCs were collected from 12 management units of the 
Preserve, including native pitch pine barren habitat and restored successional sandplain habitat. 
The purpose of the sampling was to capture the range of moss and lichen species present at 
the Preserve. Mosses were described to species by Lorinda Leonardi of the New York State 
Museum. Specimens have been catalogued in their permanent collection for future reference. 
Lichens were described to species by Dr. Rachel Thiet of Antioch College.  
We collected crust samples for our germination experiment from a single site that had 
been cleared of the black locust tree in 2008 and subsequently replanted with a native species 
mix including little bluestem (​Schizachyrium scoparium​), wild lupine (​Lupinus perennis​) and 
bush clover (​Lespedeza capitata​). We inserted 40 3.5cm plastic petri dishes into the soil to 
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collect mature moss-dominated crusts in the dish. Crusts were dominated by two moss species, 
Ceratodon purpureus ​and ​Polytrichum commune. ​Lichens made up a minor component, though ​several 
moss-crust dishes started developing lichens once watering began​ ​We also collected 40 dishes 
of bare sand with no visible moss or lichen, though some dishes turned green from developing 
algal mats during the experiment, indicating that algae and cyanobacteria were likely present. 
All dishes were covered, taken back to the lab, and stored in a refrigerator at 4​°​C until the 
beginning of the experiment.  
 
Germination Procedure 
Locally field-collected seeds of little bluestem, bush clover, and lupine were graciously 
given to us from the staff at the Albany Pine Bush Preserve. There were two soil conditions in 
this experiment: moss-crust and sand. 20 seeds per dish of a single species were scattered 
onto the surface; seeds were not buried so as to best mimic natural wind-dispersal. There were 
ten replicate dishes for each species-soil condition combination, with 60 dishes total. Finally, 20 
additional dishes were established as a control for seeds emerging from a potential buried seed 
bank; no seeds were added to this latter treatment.  
Dishes were laid out randomly on a light table under 12-hour white light, and were 
rotated once a week to eliminate discrepancies in light conditions. All dishes were watered with 
5ml of water every day. All dishes were checked for apparent germination every 1-2 days for 35 
days. Seeds were considered to have germinated at emergence of the radicle, and were 
subsequently removed. 
 
Data Analysis 
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We used two-way ANOVA (R version 3.4.1) to analyze the effect of soil type (moss-crust 
versus sand) and species on the total number of seeds that germinated. Little bluestem 
germination was extremely low in both conditions, and so was omitted from data analysis.  
 
Results 
Composition of crust communities 
Table 1) Moss and lichen species identified in Albany Pine Bush biological soil crusts.  
Scientific name Common name 
Mosses 
Ceratodon purpureus (Hedw.) Brid. Fire Moss 
Polytrichum commune Hedw. Common Haircap 
Lichens 
Cladonia gracilis ssp. turbinada Smooth Cladonia 
Cladonia ochrochlora Smooth-footed Powderhorn 
Cladonia verticillata Ladder Lichen 
Cladonia chlorophaea Mealy Pixie Cup 
 
Mature crusts were visible throughout the Albany Pine Bush Preserve, scattered among 
vascular plants in areas with low canopy coverage. Mosses were more abundant, with lichens 
being only occasionally observed. Soil consolidation ranged from incipient algal crusts to solidly 
consolidated moss-crusts. Four lichen species, all of the genus ​Cladonia,​ and two species of 
mosses were identified (Table 1). Even in areas of open sand, green hues were visible on the 
top, indicating the development of algal mats.  
 
Germination Success 
No seeds germinated in either our moss-crust nor sand control dishes, and so a seed 
bank did not appear to be present.  
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Overall, germinating seeds ranged from 0 to 8 out of 20 per dish in the crust condition, 
and 0 to 14 out of 20 per dish in the bare sand condition. Some seeds also turned black and did 
not germinate. It is possible that this was a result of over-watering, and thus caused decay. On 
the uncrusted conditions, bush clover had a greater initial rate of germination compared to 
lupine. By the 17th day, bush clover’s germination rate dropped substantially, while lupine’s 
continued to rise (Figure 2). By the 35​th​ day of the experiment, the cumulative germination totals 
of each species were similar (Table 2; Figure 1).  
Three and five times more bush clover and lupine, respectively, germinated on bare soil 
than crusted dishes (Table 2; Figure 1). There was no interaction between soil type and plant 
species on germination.  
 
Discussion 
 
This study offers the first description of biological soil crusts in the inland northeast. Thus 
far, studies of BSCs in this area has been limited, not because of a lack of crusts present, but a 
lack of scientists investigating these dynamic soil aggregates (Belnap and Lange 2001). There 
has been an increased awareness of their presence in the northeast, however, and several 
studies have begun to document them and their properties. New Jersey (Sedia and Ehrenfeld 
2003) and Cape Cod (Smith et al. 2004, Thiet et al 2014) have been the starting points for this 
research, and more is being done. Corbin and Thiet (in prep) established that crusts are 
widespread in glacial remnant barren ecosystems within the northeast including New York, New 
Hampshire, Massachusetts, Vermont, and Maine. The Albany Pine Bush fits squarely into that 
broader regional ecosystem.  
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Our experimental test clearly showed that moss-covered BSCs at the Albany Pine Bush 
inhibit the germination of both species of plants. Germination rate as well as the total amount 
was similar between the two natives, so the effects do not appear to be species-specific. 
Several other studies have also found negative effects of crusts on seed (Jeschke and Kiehl 
2008, Serpe et al. 2006), but other sources have found positive, mixed, and/or species-specific 
effects. From the collective literature, it is once again important to realize the array of effects 
BSCs can have on the dynamics of an ecosystem, including plant germination and 
establishment.  
Several mechanisms have been offered to explain crusts’ inhibition of germination. One 
is that water is more limiting to seeds on crusts. Despite the fact that crusts are able to provide 
essential nutrients to developing embryos, bare soil provides seeds with a larger area of contact 
and potentially more moisture (Song et al. 2017). During our experiment, the bare soil would 
often cover up seeds as a result of the watering process, providing the extra soil contact that 
Song et al. described. Soil moisture is often a limiting factor for plants, and as such, germination 
and establishment success is positively correlated with the amount of water present (Li et al. 
2005). Moss-dominated crusts, as were present in this experiment, appeared to quickly absorb 
the moisture provided, preventing the seeds from imbibing water unless they managed to fall 
beneath the canopy where there was less potential evaporation. Comparatively, the bare soil 
conditions had no means of water drainage, leaving only the seeds present in the dish to absorb 
the water. Hawkes (2004) found that a high-water treatment caused a higher germination rate. 
This ability for bare soil to provide more moisture may even override the potential benefits the 
crusts could provide (Li et al. 2005), meaning more seeds germinating on bare soil.  
Mechanical inhibition has been another heavily documented result in the literature. 
Crusts, with their layers of lichen and moss and ability to hold soil particles tightly together, 
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create a very hard surface for vascular plants to establish on. Deines et al. (2007) showed that 
there was a significant inability of the species tested to penetrate lichen-covered BSCs as 
compared to bare soil. It stands to reason that if a seed does not have the correct drilling 
mechanism to penetrate the earth, it will not be able to grow in that location. Boeken et al. 
(2004) found that their species of study (​Stipa capensis​) was able to germinate much more 
successfully on BSCs, and this could have been a result of their boring mechanism in dense 
crust-covered areas. Langhans et al. (2009) [A] demonstrated that germinated seeds appeared 
in the cracks of the crust, bypassing the possibility of mechanical inhibition. This appeared to be 
the same in our study, with most seeds that managed to germinate on the crusts being found 
beneath the crust canopy. It is worth noting that we tallied germination without waiting for roots 
to penetrate the soil and establish; as a result the negative effects of crusts on germination that 
we observed may be conservative.  
Finally, crusts have the potential to inhibit germination by chemical means. Though 
crusts may provide plants on and around them with usable nitrogen and carbon (Belnap and 
Lange 2017, Harper and Belnap 2001) as well as other essential nutrients (Zhang et al. 2016), 
the literature also points out that allelopathic influences could be at work. Lichens growing on 
acidic soils have been documented as having secondary allelopathic effects on plants and 
animals. Their ability to release lichen acids can have an inhibitory effect on germination (Sedia 
and Ehrenfeld 2003). It is noted by Gardner and Mueller (1981) that those lichens growing on 
alkaline soils typically do not produce these secondary compounds, and because crusts have 
been shown to be more alkaline in desert ecosystems (Liu et al. 2017), it is possible that they 
are not affecting germination through these means. However, because we did not test our soil 
pH, it cannot be ruled out as a possibility, as crusts in temperate regions may have a differing 
effect on soil pH. 
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Though the literature has often shown species-specific differences contributing to the 
data of their results, both species we analyzed responded similarly. Bush clover had a greater 
initial germination rate than lupine on the bare soil condition, though the difference between the 
species by the end of the experiment was not significant. Bush clover seeds are smaller, so they 
could imbibe water more quickly, and also may be able to fall in between the cracks and have 
access to more moisture than the larger lupine seeds. Meanwhile, big seeds are able to remain 
on top of the crust and have prime access to sunlight (Serpe et al. 2006). Still, there was no 
significant difference between the abilities of bush clover and lupine to germinate. This is 
interesting to note, as many studies have found that different species have different success at 
germinating on crusts. Godinez-Alvarez et al. (2012) found that all three species of vascular 
plants studied had different responses to different types of BSCs, with cyanobacterial crusts 
positively affecting ​A. marmorata​ and ​N. tetetzo​, and negatively affecting ​P. laevigata​. Other 
studies have had similar results (Hawkes 2004, Bliss and Gold 1999) and so it is likely that 
expanded research into various other species in the Pine Bush could show these multifarious 
effects.  
The crusts at the Albany Pine Bush Preserve not only survive frequent fires, but may 
also be dependent on them to maintain an open canopy. ​O’Bryan et al. (2009) found that 
disturbance by fire increased both the species diversity and abundance of crusts, likely due to 
the increased availability of light in these plots. ​The fires are also likely to influence the species 
composition of the BSCs. Bowker et al. (2004) found that low-intensity wildfires had little 
apparent effect on the condition of BSCs, though they did describe a shift in the species 
composition with relation to fires. Crusts have been documented as having a slow recovery 
process with regards to trampling (Cole 1990, Barger et al. 2006), as well as intense fires 
(Kasper 1994, Johansen 2003). Some even cite a dramatic reduction in the presence of lichen, 
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algae, and cyanobacteria in burned plots (Johansen et al. 1984). However, the prescribed fires 
conducted at the Albany Pine Bush do not seem to fall into this high-disturbance category. The 
Albany Pine Bush had a greater proportion of moss-dominated crusts than other northeastern 
barrens where fire was infrequent (Corbin and Thiet, ​manuscript in prep​), and in particular we 
note the importance of fire moss at our site, which is tolerant of fires and may be able to start 
the succession pattern, allowing crusts to re-establish (​Clément and Touffet 1990)​.​ ​Nearly all of 
our understanding of BSCs’ response to fire comes from dryland ecosystems, however, and so 
further research is needed to understand the dynamics in this wetter climate. Johansen et al. 
(1984) noted that at their study site in Utah, algae were able to have a rapid recovery time, 
perhaps as a result of unusually rainy years following the initial burn. Langhans et al. (2009) [B] 
found consistent results in temperate Germany, with algae numbers high in initial crusts, and 
decreasing with increasing crust age. With the Albany Pine Bush being in a temperate area with 
a greater average annual rainfall than Utah, this may accelerate the healing process of crusts in 
response to any damage done by fire. 
By significantly inhibiting the germination of both lupine and bush clover, BSCs appear to 
influence the ecology of the Pine Bush Preserve by impacting which plants are able to succeed 
in germinating. ​Their ability to influence the spatial patterning of vascular plants would overall 
increase habitat heterogeneity for the ecosystem (Kidron and Aloni 2017). Given that the 
literature shows, more often than not, that different species respond with different success rates 
for both germination and establishment, this seems to support the idea of a heterogeneous 
system.  
We emphasize that crusts remain an under-appreciated component of northeastern 
ecosystems, and that they may play a larger role here than previously recognized. ​More 
research is already in the process, with sampling of crusts in the northeast being done by 
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Corbin and Thiet (in prep). Ultimately, more study must be done on these temperate-region 
crusts. The differences between those in the well-documented arid and semi-arid regions could 
be great, and their needs and impacts could be as well. 
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Figures and Legends 
 
Table 2) ANOVA table of the relationship of germination with soil type, plant species, and their 
interaction. Respective P-values are shown for the three categories.  
Variable DF F P-Value 
Soil Type 1 54.4 0.0001 
Plant Species 1 0.2 0.6 
Soil Type * Plant 
Species 
1 2.4 0.13 
Residuals 36 - - 
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 Figure 1) A box-and-whisker plot showing the total number of seeds germinated (out of 20) on 
and off crust for both bush clover and lupine. 
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 Figure 2)  A plot of the cumulative number of germinated seeds for bush clover and lupine on 
bare soil and crust conditions over the span of 35 days.  
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